e 


VHF COMMUNICATIONS 3/97 


D,Eckart Schmitzer, DJ4BG 


Transistor Calculations using 


Rules of Thumb 


In many cases approximate values are 
sufficient for the rough dimensioning 
of transistor circuits, and thus help to 
save time in circuit design. 


Ls 
INTRODUCTION 


When [ had to dimension my : first 
transistor circuit of my very own for a 
piece of industrial equipment, more than 
25 years ago, an “old hand” helped me 
out with a few rules of thumb. I was 
surprised how simple it all really was! 
In engineering faculties, calculations 
using h-parameters and other highly 
scientific but impractical processes make 
this field appear complicated and some- 
what mysterious. 


1 would like to introduce these rules of 
thumb, which are founded on an entirely 
correct basis, and show how they can be 
applied. They can frequently make life 
easier for us. Which makes it all the 
more amazing that they are so little 
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known! True, at first glance these 
formulae have little to do with high- 
frequency technology. but these basic 
principles can be useful here too. As it 
is irrelevant for practical application, we 
can dispense with their derivation. The 
following section explains how the other 
formulae can be determined from the 
basic formula, step by step, when addi- 
tional conditions are taken into consid- 
eration. No doubt one or two people can 
establish parallels with tube technology! 


2. 
THE BASIC FORMULA 


If we simplify the formula for the 
relationship of current and voltage in a 
semi-conductor diode as much as possi- 
ble, we arrive at the relationship: 


S$ = 39 © 14 (mA/V) (1) 


For a current of, for example. | mA, the 
curve has a gradient or a steepness (S) 
with the dimension of a conductance of 
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Fig.l: The Basic Circuit with NPN 
39mA/V, at 10mA it is 390mA/V, and 
so on. 


It should be noted that only the charac- 
teristics of the semi-conductor itself are 
being considered here, but not, for 
example, feed and contact resistances! 
But it can also be deduced from such a 
curve that a specific alteration in voltage 
is required for a specific current change, 
which can also be regarded as a dy- 
namic resistance (r - dU / dl). 

Thus. the steeper the curve, the more 
low-impedance the diode becomes. This 
resistance can be obtained directly from 
the reciprocal value of the steepness: 


rd=1/S also rd=1/(39* 1) or 
rd = 26 / 1(Q=mV / mA) (2) 


Thus, a current of ImA gives a resist- 
ance of 26. 


3. 
APPLICATION TO THE 
TRANSISTOR 


3.1. The Basic Circuit 


‘The same formulae for the basic emitter 
diode apply to a transistor in a basic 
circuit (Fig.1). 

The wiring diagrams are shown in 
simplified form and without the compo- 
nents for setting the DC operating point. 


The steepness of a transistor can thus be 
calculated from formula (1), and the 
input resistance in the basic circuit (now 
referred to as reb) from formula 2. 


But this also allows the voltage amplifi- 
cation (v) to be calculated: 


v=SeR, (3a) 


But the steepness (S) can also be 
expressed using formula (1) and then 
has: 


v=39%le*R, (3b) 


But here (Ic.RL) is the voltage drop on 
the load resistor, from which the (open- 
circuit) voltage amplification can be 
derived as follows: 


v=39* Ur. Ge) 


Thus, we can already estimate the 
maximum possible amplification of a 
transistor amplifier from a simple meas- 
urement of the emitter current. 


Since, with a sufficiently high current 
amplification, the difference between the 
emitter current and the collector current 
is only very small, this also applies to 
the measurement of the collector cur- 
rent. This is somewhat simpler, since the 
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The Emitter Circuit 


Fig.2: 


tuned by the internal resistance of the 
instrument. 


If we take the reciprocal value of the 
steepness from formula (2), we obtain: 


(3d) 


But this reveals to us another important 
point, namely that this amplifier would 
have to be controlled from a generator 
with the resistance (RG = 0), since 
otherwise a voltage division would take 
place between the generator resistance 
and the input resistance. 


V=RL/ rep 


If we now also include the generator 
resistance (RG), we finally obtain the 
basic circuit voltage amplification: 
v=Rz/ (ty + Re) (4) 
But the influence of the generator 
resistance can also be regarded as a 
reduction in the steepness (negative 
current feedback!), if, as has already 
been done above, we use the formula 
(r = 1/S) and invert it: 


S=1/(y+Rg) 5) 


Here, S’ is the effective steepness when 
there is negative feedback from the 
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generator resistance (RG). If, with a 
sufficiently strong current, reb becomes 
considerably smaller than RG, then, 
within certain limits, steepness and am- 
plification are practically independent of 
the characteristics of the transistor, 


3.2. The Emitter Circuit 


To begin with, nothing alters with the 
transistor in an emitter circuit (Fig.2), 
However, it must be borne in mind that 
an AC level which has been reduced by 
the current amplification (8) is flowing 
in the base electrode. But this means: 
that we obtain the same control effect as 
in the basic circuit, only with less 
control current. 


The input resistance has thus been 
increased by the factor (B): 
Tae 8 fey 6 


If we think first of all of having the 
emitter completely shunted to earth, no 
negative feedback occurs, and the volt- 
age amplification can again be deter- 
mined from the formulae (3a) to (3d). 


If there is negative feedback from an 
additional resistance in the emitter cir- 


Ic 


rek RE 
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The Collector Circuit 
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cuit, the formulae (4) and (5) for 
amplification or the effective gradient 
apply again. In this connection, RG 
should now be replaced by the negative 
feedback resistance (Rg), thus: 


v=R,/ (toy + Re) (7) 
and 
S'=1/ (ry + Rg) (8) 


We must extend formula (6) to take in 
the negative feedback resistance: 


tee 8 *Gep+Re) 9) 


The input resistance can thus be further 
increased by the negative feedback re- 
sistance. 


In the emitter circuit too, formula (3c) 
applies, with which the open-circuit 
voltage amplification can be determined 
through a DC voltage measurement, 
provided no additional negative feed- 
back oceurs. 


Maximum contrallability of the circuit, 
ic. maximum possible output voltage, is 
obtained when half the transistor voltage 
falls away from the load resistor. This is 
the voltage which remains from the 
emitter up to the high point of the load 
resistor. 


Fig.4: A Differential Amplifier 


o 
With no negative feedback, such a 
circuit will again have an open-circuit 
amplification in accordance with for- 
mula (3c). This is only about half as big 
as the maximum value for the maximum 
possible load resistor, but with a very 
much lower controllability. 


3.3. The Collector Circuit 


In the collector circuit, also known as 
the emitter follower (Fig.3), formula (9) 
can be applied by analogy, for the input 
resistance is: 

fee = B * (ey + Ry (10) 


where in open circuit rl is equal to the 
emitter resistance, RE, and under load 
equal to the parallel circuit made from 
the emitter resistance, ReE, and the load 
resistor, RL. thus: 


R= Re * RY / (RE + Ry) 
The emitter follower has a low output 
resistance, but one at which the genera- 
tor resistance can usually not be ne- 


glected. Reduced by the current amplifi- 
cation factor, (f), it breaks down as: 


Tik = eh + Rg /B (i) 


The amplification of such a stage as an 
emitter follower is about v = 1. How- 
ever, it is worth while to check this, for 
there is, all the same, a voltage division 
between the internal resistance and the 
load resistance, so that we obtain: 


v=Ri/ (Rp tty +Rg/B) (12) 
Only with a very big load resistor will 
the amplification really come anywhere 
near |! 


3.4. The Differential Amplifier 
The differential amplifier may perhaps 
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be quoted here as a special case (Fig.4), 
though it does represent a combination 
of emitter follower and basic circuit. 
The first stage has the input resistance 
of the basic circuit as load resistor, ie 
reb, so its input resistance is: 


Tod = B 9 (rep t+ Tp) = 842% rey (13) 


With levels in both 
transistors, the input resistance is thus 
twice as high as with one stage in the 
emitter circuit, By contrast, the second 
stage sees the output resistance of the 
emitter follower as the sou 
(cf. formula 11), so that its gradient can 
be represented as: 


identical current 


S=1/ (ray + tey + Re /B) also 
(14) 


The voltage amplification can be repre- 
sented by: 


VER, /(2 * ty + Rg /B) (1s) 


S=1/ 2 ¢ rg + Rg /B) 


This already gives proper importance to 
the influence of the emitter follower. It 
can be seen from equations (14) and 
(15) that, with a very low generator 
resistance, the gradient and amplifica- 
tion are just half as big as with the 


emitter circuit, but on the other hand (in 
accordance with formula 13), the input 
resistance is twice as high. In addition, 
the feedback critical at higher frequen- 
cies is markedly less. 


The characteristic curve of the differen- 
tial amplifier displays another add 
special feature. It is now symmetrical, 
and thus very linear in the central 
section, in complete contrast to the 
single transistor stage. It will be under- 
stood that her 
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too, through negative 
feedback (for reasons of symmetry, with 
two Rg resistances in the emitter feeds), 
it is possible to obtain an increase in the 
input stance and a_ simultaneous 
reduction in the gradient and the ampli- 
fication, plus further linearisation. This 
then leads to a gradient oft 


S=1/ (Ry +Ry tty, + ty + Rg /B) 
and so 
S=1/(2* [Ry +t] *Rg/B) (16) 


which gives an amplification of: 
v=RL/(2¢[Rg + reb] + RG /B) (17) 
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